This paper analyses the influence of the sapphire substrate on stress in GaN epilayers in the temperature range between 4K and 600K. Removal of the substrate by a laser assisted liftoff technique allows, for the first time, to distinguish between stress and other material specific temperature dependencies. In contrast to the prevailing assumption in the literature, that the difference in the thermal expansion coefficients is the main cause for stress it is found that the substrate has a rather small influence in the examined temperature range. The measured temperature dependence of stress is in contradiction to the published values for the thermal expansion coefficients for sapphire and GaN.
INTRODUCTION
In recent years, GaN and related compounds have attracted a lot of academic as well as commercial interest. This is due to the potential applications for UV-based optoelectronic applications as well as high-temperature electronics [Kah1] . Very bright blue and green InGaN single quantum well diodes light-emitting diodes have been developed and commercialized [Nak1], and a laser diode consisting of 4 InGaN multi quantum wells has been reported to have a room temperature cw-operational lifetime of more than 10.000 hrs [Nak2] .
Since large-scale GaN substrates are not available, epitaxial layers of GaN are deposited for the most part on foreign substrate materials like sapphire and SiC. These materials are known to result in stress in the GaN main layer which can reach values of up to 1.2 GPa [Kru1] , either compressive or tensile. It is commonly argued that the lattice mismatch between layer and substrate and the difference in thermal expansion coefficient (TEC) are the main causes of stress in the GaN layer at room temperature. Consequently, considerable efforts have been spent on the exploration of alternative substrate materials. These have been either focused on matching the lattice constant (Si, GaAs, ZnO, LiAlO3) or matching the thermal expansion coefficient (Ge [Sie1] ). As to date, however, best results for Preprint of paper to appear in the proceedings of the MRS Spring '99 symposium "Wide-Bandgap
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GaN are still achieved for growth on sapphire. Though methodologies have been empirically developed to control stress to some extent, very little fundamental understanding of the exact causes of stress has been gained. Based upon the linear thermal expansion coefficients for GaN (α = 5.59 x 10 -6 /K), for sapphire (α = 7.5 x 10 -6 /K), and for SiC (α = 4.2 x 10 -6 /K), all values are measured at room temperature [Lan1] , GaN crystals grown on sapphire should be compressively stressed, whereas crystals grown on SiC should be under tensile stress. This statement assumes that stress caused by the mismatch of the lattice constants is completely relaxed. For most reported characterization studies, this assumption certainly holds, though it has been recently shown that an adequate buffer layer design allows to grow GaN in tension on sapphire [Kru1] and compressively stressed GaN on SiC [Edw1] . Up to this point, however, no publication is able to quantitatively explain the influence of the substrate on the amount of stress in the GaN main layer. Due to experimental constraints, it is unfortunately difficult to determine stress in-situ during growth and subsequent cooling down. Therefore, in most cases, postgrowth attempts to monitor the temperature dependence of stress are limited to the range between 4 K and 800 K. Extrapolation of stress data taken by Raman spectroscopy between 300 K and 750 K [Age1] reveal a discrepancy between the expected absolute amount of stress and actual measured stress values for MOCVD and MBE grown samples. This effect was explained by the assumption of onset of plastic flow releasing stress during cooldown to an unknown amount, [Kie1] . On the contrary, S.Hearne et.al. [Hea1] have recently shown by in-situ stress measurements that GaN tends to grow under tensile stress and that plastic relaxation during cool-down is negligible.
Stress can be most conveniently determined by photoluminescence at cryogenic temperatures. It is known to shift the PL transition of the donor bound exciton (DX) spectrum by 27meV/GPa with the stress-free position located at 3.467 eV, [Kie1] . Besides being subject to built-in stress at a given temperature, near band gap transitions are also temperature dependent, as they follow the temperature dependence of the bandgap. For the last 25 years, numerous publications have attempted to determine and explain the bandgap temperature dependence of hetero-epitaxially grown GaN. The huge differences in the observed dependencies have been ascribed to various material and growth parameters, such as the growth method, post-growth cooling down rate, sample thickness, to name a few. None of these publications, however, is in the position to sort out one particular parameter and to describe or even explain its influence on the GaN bandgap temperature dependence.
This study now takes an entirely new approach to the described problems. Removal of the sapphire substrate via a laser-assisted liftoff technique [Won1] provides a reference sample which allows studying exclusively the temperature dependence of stress. For the first time, it is therefore possible to distinguish between intrinsic and material specific effects of the band gap temperature dependence on the one hand and stress effects caused by the thermal mismatch between sapphire substrate and GaN layer on the other hand. To prove the general applicability of the described findings, HVPE and MOCVD grown samples are analyzed. 
EXPERIMENTAL
All GaN samples used in this study were grown on sapphire.
The samples grown by Metal-Organic Chemical Vapor Deposition (MOCVD) were supplied by Cree Research and represent commercially available state-ofthe-art material.
The n-type carrier density was specified as in the low 10 17 cm -3 ; the sample thickness was 2 µm. The Hydride Vapor Phase Epitaxy (HVPE) grown samples were about 25 µm thick. Growth details are described in [Mol1] .
For each set of samples, a reference sample was produced by removing its sapphire substrate by a recently developed laser-assisted lift-off technique [Won1] . This method is known to preserve the optical and structural quality of the GaN film, see figure 2.
Photoluminescence was excited by a 50mW HeCd laser, diffracted by a 0.85m double grating monochromator and detected by an UV-sensitive photo-multiplier. Special attention was spent to keep the excitation density constant for all samples. Further, with neutral density filters the excitation density was sufficiently reduced to exclude any warming effects. For temperatures between 15 K and 320 K a closed cycle refrigerator was used, temperatures between 300 K and 600 K were achieved by using a hot plate. Sample mounting with vacuum grease warranted a stress-free sample fixture and sufficient thermal contact with the copper holder.
RESULTS
Comparison between the lowtemperature PL spectra of the MOCVD grown GaN layer still attached to its substrate and the free-standing layer shows a red shift of the donor bound exciton transition, figure 2. The energetic difference indicates a stress release of 0.4 GPa, according to the calibration provided by [Kie1] . In particular, it is found that the stress gradient across the cross section of the HVPE grown layer which can be as much as 0.8 GPa, [Sie2] , has been completely relaxed, too. The energetic positions of the PL spectra excited from the top and the former interface side are identical.
The near band gap PL signal at cryogenic temperatures is comprised of three transitions., the donor bound exciton DX = 3.466eV, the free exciton A FX(A) = 3.472eV, and the free exciton B FX(B) = 3.479eV; energetic positions are given for 
the free-standing sample. For the whole temperature range between 4 K and 600 K the entire near band gap spectrum could be perfectly simulated by combination of these lines under the assumption of a Lorentzian line type. This finding proves that the nature of the luminescing transition does not change over the whole range. In particular it should be noted that the free excitonic transition is traceable for the whole temperature range and no contribution from band-to-band transitions has been noticed, in agreement with [Her1] . For most samples, the donor bound exciton has been visible for temperatures up to 150 K. The free exciton B is clearly visible up to 260 K. Due to the rapidly increasing line width ( fig.4 ) and small energetic distance to the free exciton A, it can not be resolved anymore for higher temperatures. As expected, the energetic spacing between these transitions are temperature-independent, the found energetic differences are: (FX(A) -DX = 5.5meV, FX(B) -FX(A) = 6.5 meV)
The temperature dependence of the line width can be broken down into three major regimes, figure 3. At cryogenic temperatures, the line width is dominated by interface roughness, the exciton-exciton interaction, and exciton scattering by impurities, [Vis1] . The intermediate region is given by the coupling strength of the interaction between excitons and acoustical phonons. For temperatures above 240K, the line width is entirely dominated by the exciton interaction with longitudinal optical phonons. We find the following parameters: Γ0 = 13 meV, γph = 31±2 µeV, and ΓLO = 500±25 µeV. These values are in agreement with a previous publication [Vis1] . Figure 4 shows the temperature dependence of the free exciton transition energy FX(A) for both the layer on sapphire and its free-standing reference sample. It should be noted, that the GaN band gap energy is by 27 meV [Buy1] larger than the free exciton energy; the difference accounts for the free exciton binding energy. Since this paper is only concerned about relative changes in the band gap energy, the given values are not corrected for this energy.
For most semiconductors the variation of the band gap with temperature can be described by the semi-empirically found Varshni formula [Var1] : 
E(T) = E(T=0) -
α T 2 β + T For both the free-standing and the layer still attached to its sapphire substrate, we find the same parameters within the experimental error, table 1. This is very remarkable, since the values reported in the literature scatter considerably; for instance, the parameter β which is proportional to the specific heat Debye temperature [Man1] has been found to vary between β = -996 K [Mon1] and β = 3690 K [Sha1] . This clearly proves that the parameters α and β are strongly sample dependent and comparison of results taken from different authors on different samples is less meaningful. We argue that this is due to the differing amount of point and extended defects which certainly influences the Debye temperature. As the results of this study prove, stress caused by thermal mismatch with the substrate plays only a minor role at this scale.
It is more illustrative to analyze the temperature dependence of the difference in the FX(A) position between the sample on sapphire and its respective free-standing reference sample, figure 5. This should follow the temperature dependence of stress in the GaN main layer. Apparently, with decreasing temperature also the difference decreases indicating that the GaN layer is less compressively stressed. This finding is surprising and in contradiction to the prevailing understanding in the literature. Since the TEC of sapphire is higher than the TEC of GaN, the GaN main layer should be increasingly compressively stressed with decreasing temperature -provided that the TECs are temperatureindependent. Consequently, the energetic difference between the PL spectrum of the freestanding layer and the layer still attached to the substrate should increase. Strikingly, the opposite tendency is experimentally observed.
DISCUSSION
The unexpected temperature behavior of stress in GaN hetero-epitaxially grown on sapphire is the most interesting aspect of this study. Our results clearly indicate that the influence of the thermal mismatch between sapphire and GaN epilayer on the GaN band gap temperature dependence between 4 and 600 K is much less than generally assumed in the literature. Monemar et.al. [Mon2] , for instance, have found that the PL spectra of GaN grown on sapphire and on SiC differ in their energetic positions by more than 30meV when cooled down to helium temperatures. If this difference was solely due to stress, the two different substrates would result in a difference of thermal stress of more than 1 GPa! Assuming a (temperature-independent) Young modulus of E = 200 GPa [Kie1] and a Poisson ratio of ν = 0.27 [Kie1] , one estimates for a change of temperature from 300K to 4 K the stress for GaN on sapphire to be σ = -0.16 GPa. This difference should result in a blue shift of the PL spectrum by 4.3 meV. This should be clearly visible but is experimentally not observed.
Two possible explanations for the findings of this study should be discussed: First, the variation of stress in GaN grown on sapphire in the respective temperature range is not governed by the thermal mismatch between GaN and sapphire. The second and more likely cause is given by the uncertainty of published thermal expansion coefficients for both sapphire and GaN, [Lan1, Les1] . The reported values differ by a factor of two, even when only values taken at room temperature are compared. The TEC temperature dependence is even less known so that one may speculate that an unanticipated temperature behavior of these parameters might be responsible for the here observed stress dependence.
On the other hand it should be noted that stress is usually determined by photoluminescence at cryogenic temperatures, whereas strain is almost always assessed by X-ray diffraction at room temperature [Kie1] . Our results prove that the difference in measurement temperature does not translate into an inconsistency between the two methods, the maximum deviation is about 0.1 GPa which falls into the range of experimental error of most methods.
The results of this work, however, strongly suggest to measure the temperature dependence of the a and c lattice parameter by X-ray diffraction. Preliminary studies are already available [Hei1, Les1] , but their results are not conclusive yet. Measurements of a lifted-off GaN film will provide the best basis for a solid data collection.
SUMMARY
This paper analyses, for the first time, the temperature dependence of stress in MOCVD and HVPE grown GaN films on sapphire in respect to a free-standing reference GaN film which has been lifted off from its substrate. The measured temperature dependence of stress in the temperature range between 4 and 600 K is in contradiction to the published values for the thermal expansion coefficients for sapphire and GaN.
